f Next-generation sequencing (NGS) analysis has emerged as a promising molecular epidemiological method for investigating health care-associated outbreaks. Here, we used NGS to investigate a 3-year outbreak of multidrug-resistant Acinetobacter baumannii (MDRAB) at a large academic burn center. A reference genome from the index case was generated using de novo assembly of PacBio reads. Forty-six MDRAB isolates were analyzed by pulsed-field gel electrophoresis (PFGE) and sequenced using an Illumina platform. After mapping to the index case reference genome, four samples were excluded due to low coverage, leaving 42 samples for further analysis. Multilocus sequence types (MLST) and the presence of acquired resistance genes were also determined from the sequencing data. A transmission network was inferred from genomic and epidemiological data using a Bayesian framework. Based on single-nucleotide variant (SNV) differences, this MDRAB outbreak represented three sequential outbreaks caused by distinct clones. The first and second outbreaks were caused by sequence type 2 (ST2), while the third outbreak was caused by ST79. For the second outbreak, the MLST and PFGE results were discordant. However, NGS-based SNV typing detected a recombination event and consequently enabled a more accurate phylogenetic analysis. The distribution of resistance genes varied among the three outbreaks. The first-and second-outbreak strains possessed a bla OXA-23-like group, while the thirdoutbreak strains harbored a bla OXA-40-like group. NGS-based analysis demonstrated the superior resolution of outbreak transmission networks for MDRAB and provided insight into the mechanisms of strain diversification between sequential outbreaks through recombination.
H
ealth care-associated infections (HAI) are a substantial cause of morbidity and mortality in acute-care hospitals (1) . Acinetobacter baumannii is an important opportunistic pathogen causing HAI (2) and has become one of the most common colonizing pathogens in burn patients (3, 4) . A. baumannii may cause serious outbreaks despite the implementation of rigorous infection prevention interventions and control measures, which occur most commonly in intensive care units (5) (6) (7) (8) . Furthermore, the emergence of multidrug-resistant A. baumannii (MDRAB), especially carbapenem-resistant A. baumannii (CRAB), has become a global concern (5, 9) . Patients infected by multidrug-resistant Acinetobacter strains are likely to have higher mortality rates and longer lengths of hospitalization than those infected by susceptible strains (10) .
Pulsed-field gel electrophoresis (PFGE) has been the gold standard approach for bacterial strain typing in hospital outbreak investigations, but several disadvantages have been described, including that it is a time-consuming, labor-intensive, and technically demanding assay and that is has limited reproducibility among laboratories; also, the interpretation of the relative relatedness of strains using this method may be discordant and subjective (11) (12) (13) . For these reasons, next-generation sequencing (NGS) has emerged as a promising molecular epidemiology method in investigations of health care-associated outbreaks (13) . A comparative analysis of single-nucleotide variants (SNVs) in bacterial genomes provides valuable insights into genomic diversity and evolution (e.g., determining the relatedness among epidemiologically linked strains and tracking bacterial strains of interest) (13) (14) (15) .
Our hospital experienced a prolonged hospital outbreak of MDRAB, mainly among burn patients, which occurred over a 3-year period. Although sequential hospital outbreaks of MDRAB have been reported (16) (17) (18) (19) (20) (21) (22) , there are very few studies that apply NGS for MDRAB strain typing in this setting. Here, we describe the molecular investigation of this outbreak, showing that this actually represents several sequential outbreaks within the burn unit. Strain typing by PFGE and NGS was conducted on 46 patient isolates from the course of the outbreak, and NGS data were used to build a transmission network, explore the genetic relatedness of these outbreaks, and understand drug resistance patterns.
MATERIALS AND METHODS
Ethics statement. This retrospective study was approved by the institutional review board (IRB) of the University of North Carolina (UNC) at Chapel Hill (IRB no. 06-0437).
Bacterial isolates. We analyzed a total of 46 clinical isolates of MDRAB, which were collected from sequential outbreaks that occurred between 2007 and 2010 at UNC Hospitals (Chapel Hill, NC, USA), an 853-bed tertiary care academic facility (41 isolates from the North Carolina Jaycee Burn Center, Chapel Hill, NC). This represents 54% (46/85) of the nonduplicate isolates collected in this period. A single isolate from the primary site of infection or colonization was used for each patient (Table  1) . Acinetobacter species were identified from clinical specimens collected from these sites using standard protocols within UNC's McLendon Clinical Laboratories. Antimicrobial susceptibility testing was performed for clinical isolates from each patient according to the Clinical and Laboratory Standards Institute guidelines (55) , and the antimicrobial susceptibility profiles are shown in Table S1 in the supplemental material. A. baumannii strains were considered to be multidrug resistant if they met the Centers for Disease Control and Prevention (CDC) criteria for MDRAB (i.e., were intermediate or resistant to at least 1 drug in 3 of the 6 following classes: extended-spectrum cephalosporins, fluoroquinolones, aminoglycosides, carbapenems, piperacillin or piperacillin-tazobactam, and ampicillin-sulbactam) (2) .
Patient information. Comprehensive hospital-wide surveillance for HAI is conducted at UNC using a laboratory-based approach verified through chart review. HAI were prospectively ascertained using the CDC definitions (23) ; the surveillance data were entered into an electronic database.
Pulsed-field gel electrophoresis. PFGE was performed on a 1% PFGE agarose gel with a CHEF-DR II system (Bio-Rad Laboratories, Richmond, CA, USA) using the SmaI restriction enzyme (New England BioLabs, Inc., Ipswich, MA, USA). Relatedness among Acinetobacter strains was determined as described previously (24) .
Next-generation sequencing. Bacterial isolates were grown overnight in LB broth at 37°C. DNA from each isolate was extracted and purified using an UltraClean microbial DNA isolation kit (Mo Bio, Carlsbad, CA). Sequencing libraries were prepared using the Nextera XT library prep kit (Illumina, San Diego, CA) with indexed adapters, according to the manufacturer's instructions. This approach uses a modified transposase to prepare an adapter-ligated sequencing library. All short-read libraries were pooled and sequenced on a single Illumina MiSeq run, using 150-base paired-end chemistry at the UNC High-Throughput Sequencing Facility, Chapel Hill, NC.
In order to provide a reference genome specific for this outbreak against which to compare other isolates, we defined the isolate with the earliest detection date as the outbreak index case (A. baumannii strain A03). A whole-genome long-read sequencing library was prepared for the PacBio RSII system and was run on two single-molecule real-time (SMRT) cells (Pacific Biosciences, Menlo Park, CA) at the UNC HighThroughput Sequencing Facility.
Sequence assembly and mapping. PacBio sequencing reads were assembled de novo into an outbreak reference genome using Hierarchical Genome Assembly Process (HGAP) 2.0, part of the SMRT Analysis version 2.3 software package (PacBio, Menlo Park, CA), deployed on the Amazon Elastic Cloud (EC2). Illumina reads from all samples were then mapped to the PacBio-generated outbreak reference genome using bwamem reference-guided assembly (25) . We then applied GATK version 3.3 (26) indel realignment and removed duplicate sequences. After sequence mapping, 4 of the 46 isolates were excluded from further analysis, because these isolates had low genome-wide coverage when aligned to the index case reference genome (see Fig. S1 in the supplemental material), leaving 42 isolates for further analysis. Using short reads from all samples, species identification was confirmed using Kraken (27) .
Variant calling. SNV discovery was performed by simultaneously applying the GATK UnifiedGenotyper across all reference-aligned MDRAB isolates. Variants were filtered stringently using cutoffs responsive to the underlying distribution of quality scores. The following parameters were used for filtering: quality-by-depth, Ն20; mapping quality, Ն55; Fisher score, Յ10; map quality rank sum, Ϫ5.0 or higher; and read position rank sum, Ϫ5.0 or higher. In addition, only genomic positions with at least 5ϫ coverage in 100% of the isolates were used for further comparative analysis.
Genetic analysis. Acquired resistance genes were identified using ResFinder version 2.1 (28) , with a threshold of 95% identity and a minimum length of 40% on unaligned sequencing reads. Multilocus sequence typing (MLST) was performed, and sequence types (STs) were determined from the unaligned sequence data using MLST version 1.7 (29) and the Pasteur MLST database (http://pubmlst.org/abaumannii) (30, 31) . eBURST analyses were performed under stringent (minimum of six shared alleles) grouping parameters using eBURST version 3 (32) , based on STs identified from the Pasteur scheme, to investigate evolutionary relationships between the founder and the other STs. Each clonal complex (CC) was formed by the founder ST and its single-locus variants (30) . Recombination analysis was undertaken using Gubbins (33) . Potential blocks of horizontal gene transfer were identified by at least three base substitutions, and recombinogenic regions were masked during construction of a maximum-likelihood phylogenetic tree, using RAxML (34) . Additionally, a neighbor-joining tree was constructed on the basis of SNVs from the core mapped genome and bootstrapped 100 times in R using the phangorn and ape softwares (35, 36) . A corresponding map representing genome-wide SNVs was calculated in R using the adegenet software (37) . Variants were also used to calculate principal component analysis using adegenet (see Fig. S2 in the supplemental material). Bayesian transmission chain reconstruction was performed in R using the outbreaker software (38) . Case infectivity probability density followed a log-normal distribution, with of 0.8 and of 3 (see Fig. S3 and S4 in the supplemental material). Inferred transmission chains were then used to inform mutation rate calculations (see Fig. S5 in the supplemental material). Pairwise F ST (a fixation index indicating the degree of shared alleles) between outbreaks was calculated in R using PopGenome (39) and visualized using circlize (40) .
Nucleotide sequence accession numbers. All sequence data reported in this study are deposited at the DDBJ/EMBL/GenBank Sequence Read Archive (SRA) under the accession numbers DRX029904 to DRX029951 (short reads for A01 to A48), DRX029952 (long reads for A03, the index case), and DRZ007436 (A03 long-read reference sequence). See Table 1 for the accession numbers.
RESULTS
The epidemiological and clinical characteristics of patients with MDRAB infection or colonization in the sequential outbreaks are provided in Fig. 1 and Table 1 . The cases included 34 (74%) patients with burns, 6 (13%) patients with toxic epidermal necrolysis or Stevens-Johnson syndrome, and 6 patients with other diseases (13%). Thirty-four of the 46 patients (74%) were diagnosed with more than one HAI, including respiratory tract infections (n ϭ 25), bloodstream infections (n ϭ 8), urinary tract infections (n ϭ 8), surgical site infections (n ϭ 1), and other infections (n ϭ 8). Twenty-three patients (50%) died during their hospitalization.
For the long-read de novo reference assembly of the first-outbreak index case (A03), two PacBio SMRT cells yielded a total of 92,781 postfiltered reads, with an N 50 of 21,638. After de novo assembly, the resulting reference genome was composed of 31 contigs with a maximum contig length of 2,128,013 bp, an N 50 of 698,352 bp, and a total genome size of 4,461,520 bp. Illumina short reads for 46 isolates produced an average of 615,000 read Fig. S1 in the supplemental material) and were excluded from further analysis. Among the remaining 42 isolates, 41 isolates had Ն60% of the genome accessible for variant calling with at least 5ϫ coverage. Variant calling identified 35,551 high-quality single-nucleotide variants that were used for NGSbased analysis. NGS-based SNV typing suggests these sequential MDRAB outbreaks over a 3-year period were caused by three clones with distinct genetic backgrounds; the first outbreak of 13 isolates origi- (13, 14) . Modeling of genetic differences between the 42 genotyped infections/colonizations predicted that half of all infections/colonizations were sampled (see Fig. S4 in the supplemental material), which corresponds well with epidemiological data (42/85 infections/colonizations were sequenced and used for analysis).
NGS-based SNV typing showed that two strains (A32 and A42) collected during the outbreak period were not related to these sequential outbreaks and likely represent sporadic cases within the burn unit. Interestingly, the second outbreak (strains A15, A25, and A36) represents a strain that likely underwent recombination with the strain responsible for the initial outbreak and an additional strain that was not found among the isolates we sampled ( Fig. 2 ; see also Fig. S8 in the supplemental material) . There was 89.6% identity between A15 (second outbreak) and A18 (first outbreak) (3,687 differences/35,551 SNVs). Moreover, the SNVs that differentiate the first outbreak from the second outbreak are clustered in a few recombination events, with the vast majority of these variants (3,481/3,687 variants [94.4%]) occurring in a single 697,976-nucleotide recombination block (11.8% of the genome). The majority of the remaining variants were also clustered into recombination blocks. unit; MICU, medicine intensive care unit; NSIU, neuroscience intensive care unit; SICU, surgery intensive care unit; CCU, coronary care unit; PICU, pediatric intensive care unit; CTSU, cardiothoracic stepdown unit; MPCU, medicine progressive care unit; floor, general ward. Each case corresponds to a case described in Table 1 . The numbers (1, 2, and 3) designate the outbreak to which an isolate is predicted to belong.
A comparison of the NGS-based SNV typing data to the MLST and PFGE data is shown in Fig. 2 . The sequenced MDRAB strains represented 3 STs, including 14 strains belonging to ST2, 23 strains of ST79, 1 strain of ST108, and 4 strains of unknown ST. The first and second outbreaks were caused by ST2. In the second outbreak, A25, which was classified as unknown due to coverage reasons, had eight SNV differences compared to A36 and three SNV differences compared to A15, both of which belong to ST2. In contrast, the third outbreak was led by ST79. PFGE differentiated the 42 isolates into 13 types. Of them, 2b, 2c, 2d, and 2e were categorized as being closely related to 2a, and 5b, 5c, and 5d were closely related to 5a by PFGE using the Tenover et al. criteria (24) . However, the three strains from the second outbreak (A15, A25, and A36, which were highly similar by SNV typing) were classified into different strains by PFGE. Furthermore, PFGE showed some isolates to be closely related, with 2 to 3 band differences, despite no SNV difference between two strains (e.g., A3 and A9, and A19 and A20).
The Bayesian transmission network of the 42 MDRAB strains in sequential outbreaks is provided in Fig. 3 . Most transmission events in the outbreaks were predicted with a high degree of certainty (posterior probabilities near 1.0) and may represent direct transmissions, given their genetic relatedness (see Fig. S7 in the supplemental material) and timeline (Fig. 1) . In contrast, there was uncertainty with respect to certain transmission events during the first outbreak (A08, A17, and A18) and the third outbreak (A21 to A23, A26, A27, A34, and A40), with posterior probabilities for the numerous potential transmission scenarios of Ͻ0.5. Although these exact transmission events were difficult to predict, these strains, except A17, shared ward space (burn intensive care unit [BICU] ) and were closely grouped in time and genetic distance, suggesting epidemiologic connections between the isolates. Although A42 and some strains from the third outbreak (e.g., A34, A41, and A48) shared the same place (BICU) and time ( Fig. 1) , both NGS-based SNV typing and PFGE typing uncovered profound unrelatedness between A42 and strains of the third outbreak. The three isolates that comprised the second outbreak (A15, A25, and A36) had no direct mutual contact, despite convincing genetic relatedness by typing, possibly due to transmission through environmental or unsampled sources. A15 did not share a location with any other cases in this study but may have had contact with contaminated environment or health care personnel who cared for cases from the first outbreak, as some of these cases (e.g., A10, A14, and A18) were transferred outside the BICU. The SNV differences between A15 and strains from the first outbreak suggest that gene transfer may have occurred between the strain responsible for the first outbreak and another MDRAB strain within the hospital. In addition, A36 from the second outbreak shared a location (surgery intensive care unit [SICU] ) and time with A37 from the third outbreak, but these strains were highly genetically divergent from one another.
Thirty-eight MDRAB isolates from this study belonged to three different STs (ST2, ST79, and ST108), while the STs of 4 strains remained undetermined. The eBURST analysis based on the Pasteur MLST scheme revealed that these 38 MDRAB strains belonged to two A. baumannii CCs (CC2 and CC79), while ST108
FIG 2 Maximum-likelihood (ML) phylogram (left) and recombination map (center)
show relatedness between outbreak isolates. The ML phylogeny was constructed from genetic variation in nonrecombinant genomic regions. Recombination events were inferred from the Ͼ30,000 variants identified among individual isolates. In the horizontal tracks, each column represents a single nucleotide in the reference genome, and each row represents an individual clinical isolate. Red blocks mark recombination events occurring on an internal branch of the phylogeny, while blue blocks mark potential recombination events or extensive mutations occurring on a terminal node. Pasteur MLST and PFGE types are included in the first and second columns on the right, respectively. was a singleton (see Fig. S9 in the supplemental material) . Fourteen MDRAB isolates (ST2) belonged to CC2, corresponding with international clone II, for which ST2 was the founder (9, 41). The remaining 23 MDRAB isolates (ST79) belonged to CC79, for which ST79 was the founder.
The antimicrobial resistance genes in these 42 multidrug-resistant A. baumannii strains are summarized in Table 2 . Strains from the first and second outbreaks possessed bla OXA-23-like group and bla OXA-51-like group genes, while strains from the third outbreak harbored bla OXA-40-like group and bla OXA-51-like group genes. All isolates with bla OXA-23-like group genes were bla OXA-23 and were classified into ST2 (except one isolate with an undetermined ST). Similarly, all isolates with bla OXA-40-like group genes were bla OXA-24 (renamed bla ) and were assigned to ST79 (except one isolate with undetermined ST). One isolate (A42) had the bla OXA-58 gene, belonging to the bla OXA-58-like group. The isolates with bla OXA-51-like group genes included bla OXA-65 , bla OXA-66 , bla OXA-75 , bla OXA-92 , bla OXA-116 , and bla OXA-117 . The distribution of genes resistant to other antibiotics also varied among the three outbreaks.
DISCUSSION
NGS-based analysis revealed transmission pathways during three sequential outbreaks over a 3-year period, demonstrating the longevity of MDRAB strains in this health care setting and the difficulty of infection control at a large academic burn center. Several Acinetobacter outbreaks in burn units were described previously and were partially associated with extensive environmental contamination (42) (43) (44) (45) . A. baumannii survives in the hospital environment for a prolonged period, even on dry surfaces and the hands of health care personnel, and the carriage of MDRAB in human hosts may also be prolonged (10, 46, 47) , which can facilitate transmission and outbreaks of A. baumannii.
This study revealed some discrepancies between genotyping methods. Isolates from the second outbreak (A15 and A36) were from the same sequence type (ST2) as clones from the first out- break, despite there being a difference of Ͼ3,000 SNVs between these outbreak strains. A recent study showed that unlike vancomycin-resistant Enterococcus faecium and methicillin-resistant Staphylococcus aureus, genomically identical A. baumannii isolates might be misclassified as different by PFGE, leading to incorrectly reconstructed transmission trees and an underestimation of the true extent of A. baumannii outbreaks (13) . A large-scale sequencing study of A. baumannii strains was more discriminatory than MLST (48) . These previous reports and the results from our study suggest that for A. baumannii in particular, NGS-based SNV typing can more informatively distinguish strains than can MLST or PFGE.
Our NGS-based analysis suggested that the second outbreak occurred following a recombination event between a bacterium of the first outbreak and an occult MDRAB clone that was likely circulating within the hospital ( Fig. 2 ; see also Fig. S8 in the supplemental material). This is the first time that sequential outbreaks within a single hospital have been reported in which the second outbreak represents a recombinant with the original outbreak strain as a parent. Previously, several studies described that A. baumannii hospital outbreaks can be polyclonal, and a variety of recombination and horizontal gene transfer events occurred in A. baumannii strains and contributed to the genetic diversity in the microorganism, even among colonized patients (49) (50) (51) (52) . Horizontal gene transfer that occurs between sampled and unsampled A. baumannii isolates may explain discrepancies between NGSbased SNV typing and PFGE typing results, as was seen here (13) .
Global epidemic CCs of A. baumannii (e.g., international clones I, II, and III), consisting of a subset of different STs, have been described (9) . ST2 harboring bla OXA-23 was the most frequent in the first outbreak. bla was the most prevalent acquired carbapenemase-encoding gene among A. baumannii strains in many countries worldwide, including the United States, especially among international clone II (9, 41, 53) . ST79 strains were introduced in the burn center and caused the third outbreak. To our knowledge, this was a novel outbreak due to ST79 possessing bla OXA-24/40 , although bla OXA-24/40 was mostly detected among CC2 (9) . None of the MDRAB isolates belonged to ST10, which has been associated with enhanced virulence among fatal outbreak strains (54) .
This study has several potential limitations. First, sequencing failed to cover the complete genome of every isolate, which reduced the sensitivity of sequencing for detecting genetic variation among strains. This uneven coverage is likely due to the transposase-mediated library preparation approach used, which, despite the lack of a strong GC or AT bias in the A. baumannii genome, created libraries with genomic regions of high and low read representation. In this scenario, additional sequencing runs would not substantially increase coverage quality. Furthermore, the sensitivity we observed for detecting genetic variation may have been decreased, because we elected a conservative variantcalling approach in which all SNVs had to meet a minimum coverage depth in all isolates to be used for this study. Despite the shortcoming of incomplete sequence coverage, the available data enabled us to analyze Ͼ50% of the reference sequence space in these isolates. Second, there were a few discrepancies between NGS-based typing and PFGE typing. This might be explained by (i) genetic variation occurring in genomic regions where we achieved low sequence coverage, (ii) PFGE experiments being performed on different gels, or (iii) horizontal gene transfer into or out of isolates, which was not reflected in the reference genome. To realize the full potential of NGS-based analysis, reference-free methods that enable us to capture and represent the entire repertoire of genetic variation within and between samples should be developed. Finally, our transmission network analysis is likely impacted by isolates not detected or analyzed during the study. The posterior probabilities of some transmission events are likely low due to this issue.
In conclusion, our data support previous claims that NGSbased SNV typing is superior to both MLST and PFGE for the strain typing of A. baumannii. The use of this technique allowed us to understand at a finer level the likely transmission dynamics of the first outbreak within the hospital and to determine the nature of sequential outbreaks more thoroughly, including the previously undescribed recombinant strain responsible for the second outbreak. NGS-based analysis also allows for a better understanding of underlying resistance genes among MDRAB strains. However, challenges remain for WGS, specifically the cost, complexity of bioinformatic analysis, and lack of standard criteria for determining the number of genome variants that constitute an outbreak (13) . Further WGS studies on hospital outbreak investigations and infection control are needed to help overcome these challenges. WGS can provide valuable information concerning the onset, course, and size of hospital outbreaks and can posit a 
